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The attoclock is a powerful, new, and unconventional experimental tool to study fundamental attosecond
dynamics on an atomic scale. We have demonstrated the first attoclock with the goal to measure the tun-
neling delay time in laser-induced ionization of helium and argon atoms, with surprising results. It was
found that the time delay in tunneling is zero for helium and argon atoms within the experimental uncer-
tainties of a few 10’s of attoseconds. Furthermore we showed that the single active electron approxima-
tion is not sufficient even for atoms such as argon and the parent-ion interaction is much more complex
than normally assumed. For double ionization of argon we found again surprising results because the ion-
ization time of the first electron is in good agreement with the predictions, whereas the ionization of the
second electron occurs significantly earlier than predicted and the two electrons exhibit some unex-
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1. Introduction

The key process underlying attosecond physics is strong field
ionization by femtosecond laser pulses [1-3]. The strong electric
field of the laser pulse bends the binding potential of the ion such
that the electron is separated from the continuum by a potential
barrier, through which it can escape by tunneling. Depending on
the phase of the external electric field, the tunneled electron may
recollide with the parent ion. Possible processes upon recollision
are scattering to higher energies, which leads to an extended pla-
teau in the photoelectron spectrum [3,4], or scattering with other
electrons leading to double or multiple ionization [5]. Another pos-
sibility is that the electron recombines with the parent ion, which
leads to the emission of high-energy photons. This is the so-called
process of high-order harmonic generation (HHG) [4,6-9], which is
the fundamental process for the generation of attosecond pulses
[10,11].

Attosecond pulses and laser-controlled electron trajectories
have been used for direct imaging of the electric field of a laser
pulse [12], to observe quantum path control and interference with-
in the HHG process [13,14], to image molecular orbitals [15], and
to probe molecular dynamics on an ultrafast time scale [16-18].
In this sense progress in attoscience, aiming at the resolution of
the dynamics of the electron motion on its natural timescale,
requires a detailed understanding of tunnel ionization.
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In attosecond streaking [19,20], a weak attosecond pulse ionizes
an atomic [21], molecular [22] or solid target [23]. The attosecond
pulse is overlaid with a relatively intense femtosecond infrared la-
ser pulse. The electron gains a final energy that depends on the in-
stant it appears in the continuum where it is accelerated by the
femtosecond pulse. Therefore the photoelectron spectrum depends
on the delay between the atto- and the femtosecond pulse. Atto-
second streaking experiments have addressed very fundamental
questions in quantum mechanics such as: how fast can light
remove a bound electron from an atom [21,24,25] or from a surface
[23]?

The attoclock is a powerful, new, and unconventional tool to
study fundamental attosecond dynamics on an atomic scale. The
attoclock is also an attosecond streaking technique but here the
time reference is given by a close-to-circularly polarized laser field.
In this way it is possible to obtain attosecond time resolution by
employing a femtosecond pulse [26]. However, the attoclock
technique could also be used with attosecond pulses. The close-
to-circularly polarized laser field with the rotating electric field
vector gives the time reference similar to the hands of a clock
and is based on the definition of “time” by “counting cycles and/
or fractions of cycles”. In case of a “normal clock” the hour hand
rotates the full cycle over 360° in 12 h, the minute hand in
60 min and the second hand in 60 s. Thus, the faster the rotating
hand the more accurate is the time measurement. In case of the
attoclock, the “minute hand” is the rotating electric field vector
of the laser pulse which rotates a full cycle in 2.7 fs (for a center
wavelength of 800 nm).

For the attoclock we measure the laser pulse polarization, and
the momentum vectors of ions and electrons in coincidence, using
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“COLd Target Recoil lon Momentum Spectroscopy” (COLTRIMS)
[27,28]. Depending on the data acquisition time, an accuracy of a
few attoseconds can be achieved because the measurement is
based on a peak search for the exact angle at which the highest
electron and ion count rate are observed [24]. The attoclock cycle,
the “time zero”, the laser polarization and the exact time evolution
of the streaking laser field are fully characterized independently. In
addition, using both clockwise and anti-clockwise polarized pulses
we can minimize systematic errors in the angular streaking.

Because of the close-to-circular polarization, the probability
for re-scattering of the liberated electron with the parent ion is
very low and the ionization event is very well isolated. After
the tunneling event, the liberated electron is considered to prop-
agate classically in the combined laser field and the potential of
the parent ion, so that the instant of ionization can be mapped
to the angle of the final momentum of the electron in the polar-
ization plane, measured with the COLTRIMS apparatus. The ion
and electron momenta are measured in coincidence, which means
that they can be grouped according to their atom of origin. This
opens up the possibility to explore correlations between the in-
volved particles.

2. Qutline

In this paper we review recent experiments that made use of
the attoclock technique. First it is discussed how the attoclock pro-
vides timings on a coarse and on a fine scale, similar to the hour
and the minute hand of a watch face. This principle can be used
to measure the “ionization time”, i.e., the time zero of the electron
trajectory. We found that the ionization time of the first electron in
double ionization of argon is in good agreement with the model
predictions, whereas the ionization of the second electron occurs
significantly earlier than predicted [29].

A comparison of the maximum in the distribution of the elec-
tron emission angle to the angular orientation of the polarization
ellipse has allowed us to resolve the timing of the ionization pro-
cess. We measured the time in between the maximum of the elec-
tric field and the maximum of the ionization rate, referred to as
“tunneling delay time”. We found that the tunneling delay time
is zero within the experimental uncertainties of a few 10’s of
attoseconds.

A modified semi-classical model was introduced which ex-
plained our experimental results taking into account a more com-
plex electron parent-ion interaction with multi-electron effects
and the Stark shift during the streaking process [30]. The tunnel
exit points calculated with the new model are generally larger than
in the standard model, and the threshold intensity for over-the-
barrier ionization is increased substantially.

3. Initial conditions for the semi-classical model

A very simplified and very useful model to describe ionization
in an intense laser pulse is the so-called semi-classical model
[4,31,32]. This semi-classical picture uses a scalar potential for
the laser field interaction, which corresponds to the length gauge
in the dipole approximation. This is generally considered to be a
valid picture for a center wavelength of around 800 nm and the
laser intensities discussed here (e.g. shaded area in [33]). This
semi-classical model in the length gauge then results in two dis-
tinct steps in the ionization process with an elliptically polarized
laser field: the first step is the tunnel event which liberates the
electron from the bound state in the atom (i.e. a clear quantum
mechanical event) and the second step is the classical trajectory
of the liberated electron in the combined potential of the parent
ion and the strong laser field.

The electric field of the laser pulse given by

_(E(O)\  f(OVI [ cos(ot + Pego)
Ft = (Fya)) CES (ssin(wtwcm)) M

where [ is the peak intensity, f(t) is the normalized field envelope, ¢
is the ellipticity, and ¢cgo is the carrier-envelope-offset (CEO) phase
[34]. With this convention, the xy-plane is the polarization plane
and the major polarization axis is oriented along the x-axis. Atomic
units are used throughout the paper and the atomic unit of intensity
is 3.509 x 10'® W/cm?.

In the following electron motion the laser field exerts the dom-
inant force, but also the Coulomb attraction by the parent ion acts
on the electron. However, the electron is pulled far away from the
parent ion within a fraction of the optical cycle and the Coulomb
attraction becomes a small perturbation compared to the laser
field. In the simplest approximation the Coulomb field is neglected
after ionization. In this case, the final momentum after the laser
pulse of an electron that was liberated at a time t is approximately
given by:

fivi (sin(a)t+ Pcro) > 2)

p(t)\
(Py(f)> T Ve 11\ —£cos(0t + Pego)

Even though the simple approach of neglecting the interaction
of the liberated electron with its parent ion potential is very suc-
cessful for many purposes, effects have been discovered revealing
that the Coulomb force influences the electron trajectory in the
continuum or even under the barrier [35]. These effects include
Coulomb focusing [36,37], Coulomb asymmetry in above-
threshold ionization [38] and the recently discovered low energy
structure at mid-infrared laser wavelengths [39,40]. More recently
we clearly demonstrated that the Coulomb potential alone is not a
sufficient correction. We even need to take into account multi-
electron effects in an atom such as Argon. Even more complicated
interactions are expected for molecules and surfaces [30].

To include the influence of the parent ion potential, the electron
trajectory r is calculated by solving numerically the equation of
motion in the combined potential of the laser pulse and the ion po-
tential. The difference of this trajectory compared to the electron
trajectory in the laser field only is mainly a change in the final
electron emission direction (Fig. 1). This angular offset 0 in helium
is dominated by the Coulomb correction. This Coulomb correction
is especially sensitive to the ion-electron attraction at the begin-
ning of the electron trajectory. In general however this angular
offset 0 is much more complicated and not fully explored and
understood to date [30].

The transition from the tunneling process into a classically
moving particle raises serious issues both from a conceptual defi-
nition and from a measurement point of view. The link between
the first and the second step of the semi-classical model, i.e. be-
tween tunneling and classical propagation, is still debated. Specify-
ing the initial conditions for the classical electron movement after
the tunnel event provides this link. The initial conditions for the
electron trajectory are the ionization time, the tunneling delay
time, the exit of the tunnel, and the initial momentum of the elec-
tron. In addition for the electron trajectory dynamics we need to
have a clear model for the combined potential of the parent ion
and the strong laser field. In a first approximation of the semi-
classical picture we assume a zero initial momentum of the elec-
tron at the exit of the tunnel. This approximation can be further
refined with an initial electron wavepacket spread [41]. This could
be verified experimentally [42,43]. A discussion about the starting
time and starting point for the electron trajectory follows in the
next sections.
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Fig. 1. Semi-classical model. Classical electron trajectory following the tunnel event
calculated in the potential of the laser field (black solid) and the combined potential
of the laser field and the parent ion (blue dashed). The Coulomb correction angle 0 is
the angle in between the final directions. Inset: The effective potential of an atom in
a strong laser field in the length gauge (blue dashed) results from the superposition
of the Coulomb potential and the scalar laser potential (black solid). An electron
bound with the ionization potential I, can escape from the atom by tunneling
through a classically forbidden barrier.

4. Experimental setup of the attoclock

For the experiments presented here, we used to different laser
pulses: either a laser pulse with a duration of about 30 fs produced
by a Ti:Sapphire based laser system, or a laser pulse with a dura-
tion between 5 and 7 fs generated by compressing the 30-fs pulse
with a two-stage filament compressor [44]. Intensity control is
achieved differently for the two pulses: the intensity of the 30-fs
pulse was varied by a rotating half-wave plate in front of a pola-
rizer, the intensity of the short pulse by means of a motorized iris.

Close-to-circularly polarized laser pulses (¢~ 0.8 - 0.95) are
generated by propagating the laser pulses through a broadband
quarter wave plate. Laser pulses with higher ellipticity cannot eas-
ily be obtained due to the residual wavelength dependence of the
quarter wave plate, and are for most attoclock experiments also
not demanded. Within the scope of this paper, the polarization
state of a laser pulse is defined by the angular orientation of the
polarization ellipse and the ellipticity. For the measurement of
the polarization state, a polarizer was rotated while recording
the power throughput with a power meter before the COLTRIMS
measurement was taken. The power throughput as a function of
polarizer angle allows extracting the value for the ellipticity and
the angle of the polarization ellipse from a curve fitting function.

The laser pulses are focused into a supersonic jet of atoms in-
side a COLTRIMS [27,28] setup. A homogeneous electric field and
a homogeneous magnetic field are applied along the spectrometer
axis. The charged particles created at the intersection between the
laser focus and the gas jet are guided to time- and position sensi-
tive detectors by the spectrometer fields, facilitating the calcula-
tion of the initial vector momenta of the atomic fragments after
the laser pulse has passed.

The ion and electron momenta are measured in coincidence.
The distribution of (Pion + Prlectron) Must peak at zero due to

momentum conservation. In the case of double ionization, the mo-
menta of the doubly charged ion and the two electrons need to be
measured. From momentum conservation follows the condition
Pion + PElectron1 * Pelectron2 = 0, see Fig. 2. The probability of ioniza-
tion per laser shot must be kept well below one for these coinci-
dence detections, to assure that most of the detected particles
stem from the same parent atom.

5. Attoclock measurements
5.1. Measurement of the ionization time

The ionization time measurements make use of the semi-classi-
cal model. Within this model, it is possible to define the ionization
time as the moment in time when the classical electron trajectory
starts [29]. This is the moment when the electron is liberated into
an unbound state and is also referred to as the electron release
time. To calculate the ionization time from the measured momen-
tum, it is useful to transform the momentum given by Eq. (2) into
(ellipticity corrected) polar coordinates:

n2

= i v (2 ) 1O 5
_ 2 1

p(p(t) = tan! Cé;:%) ~ ot + Qe (4)

The radial momentum is proportional to the field envelope and
thus changes slowly with time. For the calculation of the polar
coordinates, it is crucial to know the ellipticity and the angular ori-
entation of the polarization ellipse. The time evolution of the polar
momentum coordinates is depicted in Fig. 3. The radial momentum
coordinate changes slowly with time, such that it allows a coarse
ionization time measurement. After this coarse measurement, the
accuracy of the time measurement can be increased by exploiting
the information encoded in the radial coordinate.

We have applied this method to measure the ionization times in
double ionization in argon. With depletion the averaged ionization
times are shifted to the beginning of the laser pulse with increasing
intensities for both the first and the second ionization step (Fig. 4).

A mechanism that dominates double ionization by linearly
polarized laser pulses over a wide intensity regime is recollision
of the first emitted electron with its parent ion [45]. By using
close-to-circularly polarized laser pulses, this mechanism is not
avoided in general [46], but probably greatly suppressed for noble
gas atoms. Therefore it was hitherto believed that the two succes-
sive ionization steps would occur by field ionization without
mutual electron interaction. If we compare the measurement of
the ionization times to calculations based on the semi-classical
model in the independent electron approximation, using quasi-
static ionization rates [47], we find that the first ionization time
is in good agreement with theory, whereas the second electron is
ionized earlier than expected (Fig. 4).

Furthermore there are correlations in the emission directions of
the electrons [48]. There is a tendency that the two electrons are
emitted preferentially into the same (parallel electron emission)
or into opposite hemispheres (antiparallel electron emission),
depending on the laser intensity (Fig. 5).

The physical mechanism that is responsible for these observa-
tions remains unclear, but the oscillatory behavior of electron
correlation as a function of intensity could be reproduced by a
classical ensemble simulation [49]. Strong field ionization of
multielectron atoms holds many aspects that go beyond the
semi-classical model in its simplest form. Examples of multielec-
tron phenomena in strong field ionization are the position of the
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Fig. 2. COLTRIMS coincidence measurements. The spectrometer fields guide the charged particles to detectors, which allows the calculation of the momenta. Due to
momentum conservation, the sum of the ion momentum and the two electron momenta (lower panel, adapted from [29]) must equal zero if the detected particles stem from
double ionization of a single atom. The spectra are integrated over the acquired intensity range, which is up to 3.5 PW/cm? in this case.
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Fig. 3. Time measurement with the attoclock. (a) The time evolution of the radial momentum p, (hour hand of the attoclock) is rather slow, but allows an unambiguous
momentum-to-time mapping if restricted to the first half of the laser pulse. (b) The time evolution of the angular coordinate p¢ is fast and therefore allows a mapping to time

with higher precision. Laser parameters: intensity = 4.5 PW/cm?, FWHM = 33 fs.

tunnel exit [30] and the electron hole movement in the valence
shell of the ion [50]. There are other phenomena that remain not
understood up to now, like the degree of orbital alignment after
tunnel ionization [51,52].

5.2. Measurement of the tunneling delay time

The tunneling delay time is defined as the time delay in be-
tween the maximum of the instantaneous laser intensity and the
maximum of the ionization rate [24].

The averaged momentum distribution that is caused by circu-
larly polarized laser pulses without CEO phase stabilization looks
like a torus in the polarization plane. The reference that is

necessary for the comparison of the electric field to the ion mo-
menta is provided by the slight ellipticity of the laser pulse. In
the statistical average over many laser shots, the highest field
amplitude is reached when the electric field vector points into
the direction of the major axis of the polarization ellipse in case
that the CEO phase is not stabilized [26]. This causes two maxima
to appear in the torus of the momentum distribution (Fig. 6). The
angle of the maximum in the toroidal momentum distribution is
extracted from the COLTRIMS data; the angle of the major polari-
zation ellipse can be determined by polarimetry.

The angle in between the major axis of the polarization ellipse
and the maxima of the ion momentum distribution is caused by
two different effects. The first effect is a potential angular
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Fig. 4. Electron release times in strong field double ionization. The average of the
first (blue) and second (green) ionization time as a function of intensity for a 7-fs
laser pulse. The vertical axis gives the timing relative to the laser pulse, such that
zero designates the peak of the pulse. The solid lines show the prediction of the
independent electron model. Adapted from [29].

difference between the maximum of the electric laser field, which
induces the highest ionization rate, and the direction of the laser
field when the electron exits the tunnel. This corresponds to the
tunneling delay time. The second effect is the streaking in the elec-
tric field of the laser and the parent ion, which causes an offset of
about 90° (Figs. 1 and 6). By calculating the streaking angle, we
could determine the angle caused by the tunneling delay time
and found it to be zero within the experimental uncertainty of
about 12 as for helium in an intensity range from 0.23 to
0.35 PW/cm>2.

The result of zero tunneling delay time could recently be ex-
tended to a much wider intensity regime, and also to argon atoms
[30]. The result is especially interesting in comparison to the delay
in one-photon photoemission that is found by attosecond streak-
ing. The photoelectrons originating from the 2p shell in neon are
delayed by 21 +5 as with respect to photoelectrons from the 2s
shell [21]. However, only about half of that delay is explained by
current theory [21,25,53-58].

5.3. Measurement of the tunnel exit

The Coulomb correction can be used as a probe for the initial
starting point of the electron trajectory. The offset angle 0 is very
sensitive to a change in the tunnel exit points and to the potential
energy landscape in which the tunneled electron moves. The
geometry of the electron current flow, the Stark shift of the energy
levels, and the induced dipole contribution of the bound electrons
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Fig. 6. Momentum distribution arising from close-to-circularly polarized laser
pulses. The polarization ellipse is depicted by the white dashed line. The white solid
lines indicate the maxima of the polarization ellipse and the ion momentum
distribution. Adapted from [24].

all significantly influence the starting point of the classical trajec-
tory and the potential during electron propagation [30] (Fig. 7).
We monitored the evolution of the offset angle 0 as a function of
laser intensity for helium and argon. No significant change of 0 is
observed for helium over the investigated intensity range, while
argon exhibits a monotonic downwards trend of 6 with increasing
intensity (Fig. 8).

In helium the Stark shifts and the induced dipole modifications
are negligible, because of the very small polarizabilities of the atom
and positively charged ion. It is the separation in parabolic coordi-
nates that leads to a plateau in the 6 dependence on intensity,
rather than the weak monotonic increase of the Cartesian-based
semi-classical model.

Time-dependent Schrodinger equation (TDSE) simulations [59]
are in agreement with our argon data but could only be performed
over a limited intensity range without serious numerical problems.
The standard semi-classical model, consisting of an initial tunnel-
ing step and subsequent classical propagation of the electronic tra-
jectories, formulated in Cartesian coordinates, fails to reproduce
the experimental trend in the offset angle for argon, predicting a
maximum at an intensity close to the over-the-barrier (OBI)
ionization.

Going to a model based on parabolic coordinates [60,61] im-
proves the agreement: the trend is monotonic, even though it is
upwards. The additional inclusions of Stark shifts (larger binding
energies), and even more, of multi-electron effect through the
increase of the barrier due to the ionic induced dipole, become

1 1.5 2 25 3
Intensity (PW/cm?)

Fig. 5. Electron correlation in strong field double ionization by close-to-circular polarization. (a) Momentum correlation between both electrons for double ionization of
argon by a 7-fs laser pulse. Horizontal axis: momentum component of one electron along the minor axis of the polarization ellipse, vertical axis: same momentum component
of the second electron. The spectrum is integrated over the intensity range 0-3 PW/cm?. (b) Ratio of parallel to anti-parallel electron emission for 7-fs (a) and 33-fs pulses.

Adapted from [48].
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from the exit of the tunnel shown in Fig. 7. Adapted from [30].

decisive for the decrease of 6 with increasing intensity in the case
of argon.

In collaboration with Lars B. Madsen and Darko Dimitrovski we
have introduced a new modified semi-classical tunneling model
that includes multi-electron effects. The model correctly describes
the observed attosecond ionization dynamics, and changes impor-
tant underlying physical parameters. We refer to this new model as
TIPIS - Tunnel lonization in Parabolic coordinates with Induced
dipole and Stark shift [30].

6. Conclusion
For strong field single ionization, the potential of the parent ion

was used as a probe for the kinematics of the electron. The
influence of the ion potential is mostly subtle and therefore often

neglected. Nevertheless it offers a unique opportunity, because
the Coulomb field shows a high spatial dependence at the dimen-
sions of the electron trajectory during the laser pulse, whereas the
force of the laser acts uniformly at these dimensions. The tunneling
delay time was found to be zero within the experimental uncer-
tainties for helium and argon atoms. For the starting position of
the electron after tunneling (the exit of the tunnel), it was found
that multi-electron processes need to be taken into account. The
extent to which they influence the tunneling dynamics is system
dependent as shown here by the difference in helium and argon.
Argon is much easier to polarize than helium and is therefore af-
fected more strongly. The TIPIS model was introduced to describe
the correct calculation of the tunnel exit.

In the case of strong field double ionization, surprising results
were found. Up to now it was believed that the two ionization
steps in close-to-circularly polarized laser pulses would occur
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independently from each other. Nevertheless we found a strong
correlation between the emission directions of the two electrons,
and this correlation shows an oscillatory behavior when the inten-
sity is increased. Furthermore, it was found that the ionization
time of the second electron is earlier than predicted by the
semi-classical model in the independent-electron approximation.
These two findings seem to contradict the independent electron
approximation.

7. Outlook

The attoclock is an extremely sensitive tool for the investigation
of laser induced tunneling, one of the paradigms of modern strong-
field and ultrafast science. The transition of the electron from a
tunneling wavepacket into a classically moving particle remains
a topic of intense discussions. The question about the initial wave-
packet spread of the electron at the tunnel exit will be addressed in
a future study [43]. At this point no attosecond pulses have been
used for the attoclock measurements to resolve atomic ionization
dynamics with a few 10’s of attosecond timing accuracy. We plan
additional interesting fundamental studies with non-degenerate
attoclock measurements using attosecond XUV pulses and even
terahertz fields. The possibilities are wide open.

The new insights gained for strong laser field ionization are of
fundamental interest in itself, but they also have far reaching
implications for the strong-field and ultrafast community. It is
one of the goals to follow electron dynamics in real time and tun-
neling is the initial step in much of these investigations. We plan to
extend the attoclock measurement to the mid-infrared spectral re-
gime to explore the semi-classical model. In addition, it will be
interesting to study larger molecular systems where much less is
known compared to noble gases. Larger molecules are often polar,
and much more polarizable then the noble gas atoms studied up to
now. Hence the implications of the TIPIS model will be even more
important to consider. At this point the multi-electron effects
could be described with a static response and their properties have
been studied with independent measurements. This means the
multi-electron effects and relaxation processes have been much
faster than our current timing accuracy of our attoclock. For larger
targets we hope that the attoclock will resolve the multi-electron
dynamics and provide new insight in novel electron correlations.

We further believe that the attoclock measurements revealed a
new understanding which will have important implications on
time measurement techniques in attoscience in general. The near
infrared femtosecond pulse used in attosecond streaking experi-
ments has the potential to polarize the atom and consequently lead
to additional force terms like those identified in the work summa-
rized here. These terms may influence the interpretation of streak-
ing experiments.
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